We have studied the effect of reducing the implantation energy towards low keV values on the areal density of He and H atoms stored within populations of blister cavities formed by co-implantation of the same fluence of He then H ions into Si(001) wafers and annealing. Using a variety of experimental techniques, we have measured blister heights and depth from the surface, diameter, areal density of the cracks from which they originate as functions of implantation energy and fluence. We show that there is a direct correlation between the diameters of the cracks and the heights of the associated blisters. This correlation only depends on the implantation energy, i.e., only on the depth at which the cracks are located. Using finite element method modeling, we infer the pressure inside the blister cavities from the elastic deformations they generate, i.e., from the height of the blisters.
I. INTRODUCTION
Hydrogen implantation in Si followed by wafer bonding and annealing allows for slicing and the transfer of relatively thick (i.e., >200 nm) Si layers from a donor substrate to a host material. The Smart Cut TM technology, based on this principle, 1 is used to fabricate Silicon-On-Insulator (SOI) substrates, the starting material of many electronic and photovoltaic modern devices. 2, 3 After implantation and during annealing, silicon vacancies and hydrogen atoms precipitate into the form of platelets of nanometer dimensions that progressively grow by Ostwald ripening. 4, 5 When the concentration of implanted ions is sufficiently large, the platelet population evolves during annealing with the eventual formation of micro-cracks. 5 These micro-cracks result from the mechanical coalescence of groups of platelets which are sufficiently close to each other to allow an efficient overlap of the stress fields that they generate. 6 The further thermal evolution of these highly pressurized cracks leads to the fracture phenomenon at the basis of the Smart Cut technology.
There is a strong technological demand to find and develop a method for transferring extremely thin (i.e., <50 nm) layers. 7 In principle, such an objective could be simply achieved by locating the fracture front closer to the wafer surface, i.e., by implanting H þ at very low energy. However, the conditions required to efficiently co-precipitate H and vacancies and to form micro-cracks so close to the free surface of a Si wafer have been found to differ from that of high energy ion implantation. 8, 9 For example, while blistering may be observed after high energy ion implantation at a large enough fluence, blistering is not observed after the implantation of the same fluence at low energy. This characteristic was attributed to the premature desorption of H 2 during annealing. 8 Moreover, the blistering efficiency depends on the amount of the damage produced during ion implantation because it affects the microstructure of the implanted samples. This microstructure depends on a fluence and energy of implanted ions and depends on whether H or He are implanted alone or co-implanted. 10, 11 Hydrogen and helium co-implantation, routinely used to reduce the total fluence necessary to transfer thick layers when implanted in quasiequal proportion, 12 was found to require a higher fluence of H than He when implanted at low energies. 8, 9 Again the exodiffusion of H or He atoms from the implanted region was hypothesized to be responsible for that characteristic.
The optimization of the Smart Cut process using very low energy ion implantation would require a much better understanding of the formation of micro-cracks close to a wafer surface with respect to the state of the art. In particular, the evolution of implanted H and He during annealing in relation to the formation of cracks and blisters should be better understood. Currently, no experimental technique allows the direct measurement of the respective gas concentrations of H 2 and He within highly pressurized micro-crack cavities. So far, only one report, focused on the mechanical cleavage of the implanted region through the platelets and microcracks, has been used to study high fluence H þ implantation in Si(001) at high energy. 13 For these reasons, in this work, we study the effect of reducing the ion energies during both H and He implantations on the formation and development of micro-cracks. To this purpose, we experimentally study the blisters that are formed when a stiffener, usually another wafer, is not bonded to the implanted wafer after implantation and before annealing. Under such conditions, fracture does not occur and instead blisters appear at the surface of the wafer. A crack is an object created by the coalescence of a group of platelets. The shape of such a gas-filled cavity (crack cavity) can be approximated by an oblate spheroid with a minor semi-axis of subnanometer length. The gas, which is under high pressure, acts on the internal surfaces of the crack inducing stress in the matrix. In absence of a stiffener, and following the crack formation, the stress in the matrix is partially relaxed through the elastic relaxation of the crystal, close to the surface of the wafer. This phenomenon results in the formation of a blister that originates from a gas-filled cavity embedded in the wafer (blister cavity). The height of the blister is defined as the distance from an undistorted, or flat, surface to its apex. By comparing experimental results with Finite Element Method (FEM) modeling results, we deduce their internal pressure and the fraction of the implanted fluence used to pressurize them. We show that even when implanted at very low energy, H and He atoms do not exo-diffuse out of the implanted region and that contrary to what is generally assumed, the fraction of the implanted fluence used to pressurize blister cavities actually increases at such energies. The failure of the conventional Smart Cut technology at such low energies cannot be ascribed to the exo-diffusion of the implanted gases in the vicinity of the wafer surface.
II. EXPERIMENTAL DETAILS AND METHODOLOGY
(001) Si wafers covered by a 25 nm-thick thermally grown SiO 2 layer were co-implanted at room temperature by He þ then H þ ions at three different couples of energies, 18 keV He þ and 10 keV H þ , 12 keV He þ and 6 keV H þ , 8 keV He þ and 3 keV H þ (thereafter referenced as "high," "medium," or "low" energies implanted samples, respectively). These wafers were implanted with the same fluences of He and H ions, each one of 0.6 Â 10 16 cm À2 or 1.2 Â 10 16 cm À2 (thereafter referenced as "low" and "high" fluence samples, respectively). These couples of He þ and H þ implantation energies were selected such that the He þ peak concentration is always located deeper and at approximately 50 nm from the H þ peak concentration (see Fig. 1 ), similarly to what is done in the Smart Cut process but using much higher energies (typically in the 30-50 keV range) for transferring thick layers. The samples were then annealed at 550 C for 30 min under nitrogen gas in a conventional furnace.
Cross-sectional transmission electron microscopy (TEM) under out-of-Bragg and out-of-focus conditions was used to image platelets and micro-cracks.
14, 15 Plan view scanning electron microscopy (SEM) in the backscattered electron imaging mode was used to observe the blister cavities, while the morphology of the blisters was imaged by Atomic Force Microscopy (AFM) in non-contact mode. FEM modeling of the deformation generated by gas filled blister cavities in the vicinity of a free surface was implemented using COMSOL Multiphysics 4.3. Figure 2 shows the defects formed after annealing of the wafers co-implanted at high, moderate, and low energies (from top to bottom) and for the two fluences investigated here. Both the platelets and the micro-cracks are plate-like cavities filled with hydrogen gas. Under off-Bragg overfocused imaging conditions, the micro-cracks are seen in the cross-sectional TEM images, such as Fig. 2 , as zigzag lines while the platelets are seen as straight segments (see Refs. 14 and 15). As the energy decreases, the depth position (distance towards the wafer surface) of the cracks decreases from 140 nm, to 100 nm and 60 nm, as approximately predicted for the H peak positions by the SRIM code. 16 In the samples implanted at low energy, only large micro-cracks are observed. In contrast, in the sample implanted at moderate and high energies, the micro-cracks are surrounded by platelets. The depth distribution of platelets is wider for the high fluence samples. Both the platelets and micro-cracks are found in the region where the hydrogen concentration is maximum (and not He) confirming that the nucleation and growth of these defects result from the initial precipitation of hydrogen complexes followed by the diffusion and injection of He molecules towards these precursors. 6 Figure 3 shows a set of plan view SEM images of the same samples arranged as in Fig. 2 . In the backscattered electron imaging mode, the blisters are easily visible as their contrast arises from the gas filled cavity they host. They have a quasi-circular shape.
III. EXPERIMENTAL RESULTS
Their sizes and densities dramatically depend on both the implantation energies and fluences. As the blister cavities are located closer and closer to the surface (i.e., when decreasing the implantation energy), they become smaller but appear in higher density. Moreover, at a fixed implantation energy, when increasing the fluence, the blister cavity diameters increase while their density decreases. The result of the statistical analysis of such images is shown in Fig. 4(a) .
The surface fraction occupied by the blister cavities can be calculated as Sfr ¼ P i pr 2 i =S, where r i is the radius of the i-th blister cavity, and the summation is made over all the blister cavities found in the area S. The surface fractions occupied by the blister cavities as a function of the implantation energy and for the two fluences of interest are plotted in Fig. 4(b) . Figure 4 (b) evidences that, whatever the fluence, the surface fraction occupied by the blister cavities is independent of the implantation energy but it slightly increases from 60% to 70% when doubling the fluence from 0.6 Â 10 16 cm À2 to 1.2 Â 10 16 cm
À2
. Figure 5 shows the AFM images of the surfaces of the implanted and annealed wafers using the same color scale for each implantation fluence.
White spots reveal protuberances due to the presence of blisters deforming the surface. The brighter the spot is, the higher the corresponding blister. Obviously, the height of these blisters depends on both the implantation energy and the fluence. Visually, on average, the spots seen in Figs. 5(a) and 5(d) are less bright than the spots seen in Figs. 5(c) and 5(f), respectively. On average, the height increases when the implantation energy decreases, i.e., when the associated cracks are located closer to the surface. Moreover, they also increase when the fluence is doubled. SEM and AFM images of the same regions of the samples unambiguously show the one-to-one relation between blister cavity diameters and 
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Cherkashin et al. J. Appl. Phys. 118, 245301 (2015) blister heights. From the analysis of such AFM and SEM images, we have plotted in Fig. 6 the blister heights measured by AFM as a function of blister cavity diameters measured by SEM. This graph shows that there is a direct correlation between the diameter of a blister cavity and the blister height. The larger the blister cavity diameter is, the higher the corresponding blister. This relation depends only on the implantation energy (and not on the implanted fluence), i.e., on the depth location of the crack. A crack of a given diameter gives rise to a blister of larger height when located closer to the surface.
IV. FINITE ELEMENT MODELLING
FEM was used to infer the gas pressure inside a blister of a given diameter-originating from a crack located at a certain depth-from the height of the blister. [17] [18] [19] A microcrack results from the mechanical coalescence of groups of platelets, which are sufficiently close to each other and that can be distributed at slightly different depths from the wafer surface. In any case, the roughness of the internal surfaces defining a crack is negligibly small when compared to its diameter, and thus a micro-crack can be considered to lie on a single habit plane. In our model, a crack is initially described as a cavity of oblate spheroidal shape characterized by a major and a minor axis (see Fig. 7(a) ). The length of the minor axis b equals the crack thickness, while the length of the major axis a is the crack diameter.
The crack was embedded within a semi-infinite (001) Si substrate covered by a 25 nm-thick oxide layer and located at a depth h from the wafer surface. The wafer surface was initially set unstressed in the vertical direction and free to move in any direction. The substrate was rigidly fixed at the bottom of the model structure (the box). The vertical "walls" limiting the substrate at the edges of the box were only allowed to move vertically, and the crack was set at sufficiently large distances from any of the box walls so as not to impact the calculated displacement and strain fields. The boundary conditions at the internal surface of the crack were adjusted so that a pre-chosen value of pressure inside the blister cavity formed from the crack, after elastic relaxation, was obtained. 3D maps of the vertical displacement fields 2015) induced by such blister cavities could then be plotted ( Fig. 7(b) ). Note that the diameters of a crack and a blister cavity remain the same, but the shape of the cavity changes to a blister shape through the asymmetrical increase of its upper minor semi-axis length, from 0.5 nm to approximately the height of the blister. Thus, given a particular diameter, depth position of a crack, and height of a blister developed from the crack, we can infer the blister cavity volume and the internal pressure of the gas which fills it from FEM simulations ( Fig. 7(b) ).
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V. DISCUSSION
Experimentally, we have shown that once the depth position of a crack is fixed, the height of the blister it generates is only a function of its diameter (Fig. 6) . Since from this oneto-one relation provided experimentally (Fig. 6, dashed lines) , we can retrieve the internal pressure inside the corresponding blister cavity using FEM (Fig. 7(b) ), we have plotted in Fig. 8 the variations of the internal pressure inside a blister cavity as a function of its diameter, for the implanted samples explored in this work at three energies and two fluences.
This figure shows surprisingly that the gas pressure inside a blister does not depend on the depth-position of the corresponding crack it originated nor from the implanted fluence but only on its diameter. Although blisters originating from cracks of the same diameter but located at different depths develop different volumes, the pressure and, thus, the gas concentration inside these cavities are the same. This result can be extrapolated to very large depths. Cracks of the same diameter but embedded within an infinite medium, i.e., not generating blisters visible at the surface, preserve the oblate spheroidal shape they established when formed by the coalescence of platelets. Such plate-like cracks are similar in structure and characteristics to platelets, and the pressure inside them can be analytically related to the deformation field it generates in the surrounding matrix via the introduction of an effective or pseudo Burgers vector, 18 as it is commonly done for platelets
where b is the pseudo-Burgers vector of a plate-like crack of diameter d, l ¼ 70:71 GPa the shear modulus of silicon, and ¼ 0:2335 the Poisson coefficient of silicon. This equation allows the pressure inside a blister cavity located close to the wafer surface to be associated with the pressure inside a plate-like crack, embedded within an infinite medium, of the same diameter and with the same gas concentration. The amplitude of the Burgers vector of such plate-like crack should be different from that of a hydrogen platelet estimated of 3 Å in Ref. 21 and of 6 Å in Ref. 20 . A hydrogen platelet is typically pressured to dozen of GPa. 20, 21 At this range of pressures, the gas concentration within a platelet and therefore its Burgers vector are quasi-independent of pressure and, thus, of platelet diameter. 20 The pressures inside the blister cavities that we typically observe are much smaller. Indeed, the internal pressure inside a small blister cavity may be high, 0.85 GPa for a blister of about 0.2 lm in diameter, and decreases when its diameter increases, down to 0.03 GPa for large blisters of about 2.5 lm in diameter (Fig. 8) . Thus, one would expect that when this pressure decreases, i.e., when the diameter of a blister cavity increases, the Burgers vector of the associated plate-like crack decreases.
For this reason, the pressure in a blister cavity of the given diameter (Fig. 8) could be very well fitted by Eq. (1) applied to a plate-like crack, embedded in an infinite medium, of the same diameter and with the same gas concentration, using a relation such as bðdÞ ¼ ð3:5 À dÞ10 À4 (where both d and bðdÞ are expressed in lm) (Fig. 8, black dashed  line) . The Burgers vector (at room temperature) of small cracks may be rather high, of 3.3 Å for a crack of about 0.2 lm in diameter, and decreases when its diameter increases, down to 1 Å for large cracks of about 2.5 lm in diameter. Such variations of the effective Burgers vector reflect the decrease of the gas concentration when the diameter of the crack increases.
Since the blister cavities are filled by helium and/or H 2 molecules, it is tempting to estimate the concentration of molecules they contain from their internal pressure. Given the range of pressures found in the blister cavities, the ideal gas law, c ¼ P=kT (where c is the molecule concentration, P is the pressure, k is the Boltzmann constant, and T is the temperature), is of course not valid. Instead, we have used the experimental data reported in Refs. 22 and 23 (obtained at room temperature) relating the molecule concentrations C He and C H 2 to the gas pressure (Fig. 9) .
This graph shows that, at high pressure and for a given concentration, hydrogen molecules are more efficient than He atoms to generate pressure. A given (high) pressure can be obtained either by a minimum molar concentration of hydrogen molecules, a maximum concentration of He atoms, or an intermediate concentration of a mixture of both gases.
The total concentration of molecules C HeH 2 ðP i ðd i ÞÞ ¼ xC He ðP i ðd i ÞÞ þ ð1 À xÞC H 2 ðP i ðd i ÞÞ contained within a FIG. 8. Pressure inside a blister cavity as a function of its diameter deduced from FEM using the one to one relation between the blister height and the blister cavity diameter provided experimentally (Fig. 6, dashed lines) . Compilation of results corresponding to high energy (violet symbols), moderate energy (blue symbols), and low energy (green symbols) implanted samples at low and high fluences. The theoretical dependence of the pressure inside a crack embedded within an infinite medium as a function of its diameter is shown in black dashed line.
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Cherkashin et al. J. Appl. Phys. 118, 245301 (2015) blister cavity "i" of diameter d i and volume V i can be obtained by combining the data from Figs. 8 and 9, provided the respective molar fractions x and ð1 À xÞ of the two gases are known. The areal density of molecules, i.e., the number of molecules contained within the blisters and found within a surface area S, is given by
with q HeH 2 ¼ xq He þ ð1 À xÞq H 2 .
In Figure 10 , we have plotted, using blue or red solid squares, respectively, the areal density of molecules that would be needed to generate the observed blisters using exclusively He or H 2 molecules, and this for the 3 different crack depth locations studied in this work. The density needed for any mixture of both gases to generate the same blisters would lie between these two extreme bounds.
At this point, one should compare these areal densities to the implanted fluences. First, this is done in Fig. 10 , in blue open squares for He. From this graph, it is already obvious that the blister cavities formed by low and intermediate ion energy implants, at depths of 60 nm and 140 nm, cannot be pressurized by only He molecules, since the implanted fluences are smaller than the areal densities of He molecules required to form the observed blisters.
For hydrogen, the situation is more complex. Since the cracks and their precursors, namely, the platelets, are exactly located at the depth where the concentration of the implanted hydrogen was maximum, and not on the initial He implanted profile, no doubt that H atoms or molecules are involved in their formation and that they finally are to be found within the blister cavities.
Currently, it is known that platelets and cracks offer large internal (001) surfaces hosting large concentrations of dangling bonds which hydrogen atoms passivate, thus minimizing their energy. 24 The density of dangling bonds provided by these (001) planes equals c ¼ 4=a 2 Si , where a Si is the lattice parameter of silicon. Each dangling bond is passivated by one hydrogen atom. Thus, the total number of H 2 molecules per surface used to passivate the internal surfaces of the blister cavities found within the area S is given by
The values of u int:surf H 2 are also plotted in Fig. 10 (red solid triangles) for low, moderate, and high energy implanted samples. These values, proportional to the surface fraction occupied by the blister cavities (Fig. 4(b) ), are quasi-independent of the implantation energy and equal approximately 0.08 Â 10 16 cm À2 and 0.1 Â 10 16 cm À2 after low and high fluence ion implantations, respectively. Thus, in principle, the rest of the hydrogen fluence U H 2 À u int:surf H 2 ðU H 2 ¼ U H =2Þ, i.e., more than 80% of U H , is available to pressurize the blister cavities. These values are also plotted in Fig. 10 (red open  squares) . Finally, the total density of He atoms and H 2 molecules that is available to pressurize the blister cavities is
, and these values are plotted in Fig. 10 for low and high fluence samples (black open squares).
We first consider the results associated to the low energy implanted samples (crack depth position at 60 nm). The values of U H 2 À u int:surf H 2 are much smaller than q H 2 for both low and high fluence samples (Fig. 10, red solid squares) . In other words, there are not enough hydrogen molecules available to pressurize the observed blisters. In addition, since we have shown that they cannot be generated only by He More generally, the areal densities of He atoms, u He , and H 2 molecules, u H 2 , contained within the population of blister cavities formed at a depth of 60 nm should satisfy the conditions and x ffi 0:7. Thus, we demonstrate here that all the helium and the hydrogen ions implanted at low energy are contained within the populations of blister cavities formed by this implantation and annealing. This is an important result which shows that from the early precipitation of both gases in the form of complexes then their transformation into platelets and later on into cracks, this thermal evolution is conservative and thus that the proximities of the Si/SiO 2 interface and the surface of the wafer do not promote the exo-diffusion of any of the implanted gases.
An increase in the implantation energy results in a decrease of q HeH 2 whatever the value of x (Fig. 10) . Thus, the populations of blister cavities formed at 100 nm and 140 nm from the wafer surface should contain a smaller density of He and H 2 molecules than available through the total implanted fluences. Using an approach similar to that applied above for the case of the low energy implanted sample, we can estimate the ranges of He and H 2 molecule areal densities that contribute to pressurizing the observed blisters (Table I , boundary values are indicated in parentheses).
For all the implantation conditions studied in this work, helium always diffuses towards hydrogen to take part in the formation of platelets and cracks located on the H depth profile. Thus, in this region, the He to H concentration ratio always equals 1 independently of the implantation conditions. Bearing in mind that the pressure inside a blister cavity is independent of its depth and of the implanted fluence (Fig. 8) , all the blisters are probably pressurized using the same gas mixture, whatever the implantation conditions. Otherwise, one would have to admit that there is an inhomogeneous lateral and/or depth distribution of H and He ions after implantation, which is highly unlikely. Since for the low energy ion implanted sample, we explicitly find this mixture ratio x ffi 0:7, we can estimate the areal densities of H 2 and He molecules contained within the populations of blisters observed after moderate and high energy implantations. These estimations are shown in bold in Table I and fall well within the intervals proposed earlier in this paragraph. More generally, these data show that the higher the ion implantation energy is, the lower the areal densities of helium atoms and hydrogen molecules which pressurize the observed blisters.
Finally, we estimate the portions of implanted fluences which are found within the different populations of blister cavities, u He =U He for He atoms and 2ðu H 2 þ u int:surf H 2 Þ=U H for H atoms (Table II) . These results show that when the implantation energy increases the portions of the He þ and H þ implanted fluences finally found in the blisters decrease. This portion, being of 100% for the low energy implanted samples, decreases down to ð60610Þ% for the high energy implanted samples. Since the thermal evolution of platelets and blisters has been proven to be conservative (no H or He losses) in the samples implanted close to the surface (60 nm depth position), these evolutions must also be conservative when the cracks are located deeper. Thus, the rest of the He þ and H þ implanted fluences must be found within "precipitates" other than blister cavities, in other words within the platelets. We have indeed observed that when increasing the implantation energy the population of platelets tends to distribute over wider depths. The cracks being formed within a relatively thin layer as a result of the mechanical coalescence of the platelets distributed at this depth, when the platelets are widely depth distributed, many of them, located outside this layer, are not involved in the formation of cracks and, then, blister cavities. This we have shown by TEM (see Fig. 2 ) after moderate and high energy implantations and well corroborate our conclusions.
VI. CONCLUSIONS
In this work, we have studied the cracks and blisters that are formed following the co-implantation of He þ then H þ ions at low energies and annealing under conditions close to those used at conventional energy ion implantation in the Smart Cut technology. We have shown that the blisters are formed due to the elastic deformation of the Si crystal close to the free surface of the wafer. During annealing, all the He atoms diffuse towards the region implanted with H þ ions and participate to the formation and pressurization of platelets and blister cavities. Once a depth position of a crack is fixed, the height of a blister is only a function of its diameter. We have modelled by FEM the characteristics of blisters and used this model to infer the gas pressure within a blister cavity from a blister height measured experimentally. From there, we were able to demonstrate that the pressure within a blister cavity only depends on its diameter and not on other experimental conditions (energy, fluence). We have demonstrated that the pressure inside a blister located close to the wafer surface can be analytically calculated as the pressure inside a plate-like crack, embedded within an infinite medium, of the same diameter and containing the same gas concentration.
Comparing the gas densities needed to pressurize the observed blisters to the implanted fluences, we have shown that blister cavities cannot be pressurized by H 2 only or He only molecules but by a gas mixture. We have estimated the He/H 2 ratio within the blisters and found that this mixture consists in approximately 70% of He and 30% of H 2 molecules, the rest of hydrogen being used to passivate the internal surfaces of the blister cavities.
Moreover, after low-energy ion implantation and in contrast to what is assumed in the state of the art, all the implanted ions are gathered within the blister cavities, showing that no-exodiffusion occurs even when the cracks are located very close (60 nm) to the wafer surface and/or to some SiO 2 /Si interface. When the ion implantation energy increases, the platelets, from which the cracks are formed, become more widely distributed over different depths, and many of them survive the formation of cracks leading to a decrease in the portion of the implanted fluences which readily contribute to the pressurization of blister cavities. Thus, the failure of the conventional Smart Cut technology at low and very low ion energies cannot be ascribed to the exodiffusion of the implanted gases in the vicinity of the wafer surface. Alternative origins for this failure must be investigated.
